Prior research has identified age-by-valence interactions in both behavior and neural recruitment; age has been associated with increased retrieval of positive relative to negative information as well as an increased tendency to recruit prefrontal regions during negative event retrieval and for this recruitment to correspond to decreased hippocampal connectivity. To date, the explicit relation between prefrontal recruitment and memory phenomenology has not been examined. The current study examined the link between these two measures by examining age-by-valence interactions in the relation between prefrontal recruitment and subjective ratings of memory vividness. Participants (ages 18-85) encoded visual images paired with verbal titles. During a scanned retrieval session, they were presented with titles and asked whether each had been seen with an image during encoding. Participants provided vividness ratings following retrieval of each image. Age was associated with greater prefrontally-mediated alterations in negative event phenomenology, with age-related increases in the relation between ventral prefrontal regions and negative event vividness and age-related decreases in the relation between dorsal prefrontal regions and negative event vividness. This analysis confirmed a critical role of PFC regions in age-by-valence interactions, where age reversed the relation between PFC recruitment and the subjective richness of retrieved memory representation. These findings are consistent with studies that reveal agerelated enhancements in emotion regulation, and suggest that older adults may be engaging in these processes during retrieval of negative events.
Introduction
Healthy older adults are often less able to recall specific episodic details relative to their younger counterparts (Salthouse, 20011) . Despite this overall decline, research suggests that pockets of preservation may exist in which aging is not associated with such substantial deficits. Specifically, it has been suggested that memory impairments in older adults can be mitigated by the presence of emotional arousal (e.g., Kensinger, 2009) , particularly when the information is of positive valence (Reed et al., 2014) . This relative enhancement has been of great interest in the cognitive aging literature, because it represents a circumstance in which the ability for older adults to have access to a detailed or vivid recollection is altered by the emotional content of the memory.
In an effort to better understand this interactive influence of age and emotion on memory retrieval, recent research has examined the neural mechanisms related to this shift. These studies have highlighted agerelated increases in prefrontal cortex (PFC) activity during the first several seconds of emotional memory retrieval (Murty et al., 2009; The research described above implicates a memory retrieval mechanism that is prefrontally-mediated, negative valence-specific, and strongest in the oldest-old; however, the cognitive correlates of this mechanism are still unclear. One possibility -given prior research suggesting enhanced encoding of positive relative to negative information by older adults (reviewed by Kensinger and Leclerc, 2009 ) -is that older adults may over-recruit PFC regions to enhance vivid retrieval of negative events that were more poorly encoded initially. This possibility would be consistent with the role of the PFC in the control of retrieval and in the enhancement of memory detail (e.g., selection, maintenance, reorganization; see Badre and Wagner, 2007; Simons and Spiers, 2003) . By this account, PFC activity should aide in the retrieval of vivid negative memories and thus increased PFC activity during retrieval of a particular item should be associated with increased vividness of the memory for that event. Alternatively, healthy aging has been associated with an increased motivation to regulate emotion to optimize mood during cognitive tasks (Carstensen, 1995) . It is possible, then, that the PFC is being preferentially recruited by older adults during negative event retrieval to reduce the vividness of re-experienced negative content (e.g., Phillips et al., 2008; Ochsner and Gross, 2005) . By this account, PFC activity should serve to down-regulate the vividness of a memory, such that increased PFC activity during retrieval of a particular event would be associated with decreased vividness for the memory of that event.
There is some support for this latter explanation. One line of support comes from analyses examining age-by-valence changes in functional connectivity between the hippocampus and the PFC during retrieval of positive and negative events (Ford et al., 2014a; Ford and Kensinger, 2014) . These analyses reveal negative correlations between the left hippocampus and dorsomedial prefrontal cortex (peak voxel: −8, 30, 44) among older but not younger adults and during negative, but not positive, event retrieval (Ford et al., 2014a) . This age-related pattern is consistent with an account whereby older adults' engagement of PFC mechanisms reduces hippocampal processes, and perhaps memory vividness, during retrieval of negative events. An analysis of white matter structural integrity revealed that these changes were particularly prominent in older adults with greater estimates of integrity, suggesting that they may not be driven by age-related impairments but rather by shifts in retrieval strategy (Ford and Kensinger, 2014) . In other words, older adults may be engaging PFC processes during negative event retrieval in order to dampen the vividness of those memories. These findings highlight age-related trial-by-trial shifts in neural recruitment that may support greater vividness for positive relative to negative event retrieval. However, a more direct test of this link would be to examine directly how age and valence affect the link between PFC engagement and memory vividness.
The current study examines age-by-valence interactions on the relation between PFC recruitment and ratings of memory vividness provided during retrieval. Based on the prior connectivity findings from this same dataset (Ford et al., 2014a) , we hypothesize that older adults will show such an inverse relation during negative event retrieval, further supporting a regulation function of their increased prefrontal recruitment. In particular, the current study focused on the participant's subjective experience of how vividly they recall each event rather than objective measurement of a particular event detail. A strong subjective sense of vividness may be supported by retrieval of any additional contextual information, including details about thoughts and feelings that the participant had at the time of encoding (here, called "internal details") or details about the event itself (here, called "external details"). There is evidence to suggest that retrieval of these two types of details may be supported by distinct mechanisms. Research has shown that task instructions may be utilized to separately manipulate different types of memory details (e.g., Suengas and Johnson, 1988) , and a recent analysis of the dataset utilized in the current study lab revealed a divergence of the neural networks supporting internal and external vividness ratings as early as the first two seconds of neutral memory retrieval (Ford and Kensinger, 2016) . Although it is unknown how these networks may differ as a function of age, there is reason to believe that age may interact with vividness-type. Behaviorally, older adults are markedly less impaired when asked to recall internal relative to external details (see Kensinger, 2008) , and during encoding they overrecruit regions associated with internal, evaluative processing (Maillet & Rajah, 2014) , suggesting that they may depend on distinct cognitive and neural mechanisms.
Successful retrieval of an event includes two distinct phases: an initial search phase in which information is accessed and a subsequent elaboration phase in which additional event details are retrieved. A recent analysis from our lab (Ford et al., 2014b ) revealed significant distinctions in the neural processes supporting the search and elaboration phases, with search being associated with widespread bilateral activations across the entire cortex and elaboration primarily being associated with increased activity in the medial prefrontal cortex. This study also demonstrated a phase-by-valence interaction, with positive emotion playing a larger role during search and negative emotion playing a larger role during elaboration. These results suggest that valence-related effects may also differ across the retrieval trial in the current study. A second analysis has demonstrated unique effects of age on neural recruitment during search and elaboration, with some regions exhibiting a complete reversal in the relation between age and activity during the two phases of successful memory retrieval (Ford and Kensinger, 2017) . Therefore, the current analysis takes advantage of the extended retrieval period to compare critical age-by-valence-by-vividness effects in the search and elaboration phases of episodic memory retrieval. That is, we examine whether age-by-valence effects exist across both phases, or exist disproportionately in one phase compared to the other.
Methods

Participants
Data from fifty-nine healthy adults (mean age = 48.17, sd = 20.34, ages 19-85; mean education = 16.60, sd = 2.41; 27 females) are reported. Other findings from these participants have been reported previously, as reviewed in the introduction (Ford et al., 2014a (Ford et al., , 2014b Kensinger, 2014, 2016) . Age and education did not differ across genders (p > .2 for both contrasts) and age was not significantly correlated with education (p = .64). Two additional participants were recruited but not scanned due to contraindications for MRI (ages 50 and 75; both male). Another fourteen participants were scanned, but were excluded from the current analysis due to equipment malfunction (n = 1; age = 49, edu = 16, male), an abnormal structural scan (n = 1, age = 49, edu = 17, female), excessive motion in the scanner resulting in termination of MR session (n = 1, age = 56, edu = 16, male), voluntary early termination of the MR session (n = 1, age = 49, edu = 14, female), low behavioral performance (i.e., hit rate below .50 or false alarm rate above .50; n = 6, mean age = 55.64, sd = 18.12, ages 30-83; mean education = 16.12, sd = 3.49; 2 female), or lack of variability in their vividness ratings (i.e., only providing a single value for all vividness ratings; n = 4, mean age = 44.25, sd = 9.00, ages 36-53; mean education = 16.50, sd = 1.00; 2 female). Participants were right-handed native English speakers without psychiatric illness or neurological disorder and were recruited from the greater Boston area. All participants were paid for their participation and gave written informed consent in accordance with the requirements of the Institutional Review Board at Boston College.
All participants completed the Beck Anxiety Inventory (Beck et al. 1988 ) to examine self-reported symptoms of anxiety, as well as the Beck Depression Inventory (Beck et al., 1961) and the Geriatric Depression Scale (Sheikh and Yesavage, 1986) to evaluate symptoms of depression. In addition, participants engaged in a series of tests intended to examine general cognitive ability, vocabulary, verbal fluency, working memory, and memory (both immediate and delayed). Finally, all participants completed a battery of cognitive tests implemented in CogState, a computerized neuropsychological test battery, that was approximately 30 min in duration. The battery included 6 subtests that examine a range of cognitive abilities, including: Detection Task (speed of processing), Identification Task (visual attention), One Card Learning Task (visual learning and memory), One Back Task (attention/working memory), Two Back Task (attention/working memory), and SetShifting (executive function); these have acceptable criterion and construct validity in a neuropsychological context (see www.cogstate.com; Maruff et al., 2009) . The relations of age with all cognitive variables are reported in Supplementary Table 1. In brief, healthy aging was associated with decreased anxiety, increased vocabulary, and impairments on tasks involving long term memory (e.g., delayed visual pairs) and executive control (e.g., digit/symbol task, mental arithmetic, mental control, digit span, and set shifting). In addition, older adults showed significantly greater retrieval times in four of the six CogState computer tasks.
Materials
Stimuli were 480 pictures (160 positive, 160 negative, and 160 neutral) that were each paired with a neutral title (e.g., the title "lettuce" paired with the negative image of a piece of rotting lettuce with bugs on it). These stimuli have been used in prior studies from our lab (Ford et al., 2014a (Ford et al., , 2014b Kensinger, 2014, 2016) to allow presentation of a neutral cue (the title) during retrieval to elicit an emotional memory. The use of a neutral cue avoids the potential confound of on-line emotional processing of the retrieval cue (see also Maratos et al., 2001; Sterpenich et al., 2006) and ensures that valence differences at retrieval are related to the mnemonic content retrieved. The 480 title-picture pairs were divided into 4 sets of 120 pictures each (40 positive, 40 negative, and 40 neutral) for counterbalancing purposes. One quarter of participants studied list A and were tested on lists A ("old") and B ("new"), one quarter studied list B and were tested on lists A ("new") and B ("old"), one quarter studied list C and were tested on lists C ("old") and D ("new"), and one quarter studied list D and were tested on lists C ("new") and D ("old"). The length of the study list was selected to reduce the likelihood of floor or ceiling effects across the age range.
Procedure
Following instruction and a short practice, participants encoded one set of 120 title-image pairs. In an intentional encoding task (outside of the scanner) participants were given 3 s to make a decision regarding the appropriateness of the word as a description of the image (1 = poor description, 2 = acceptable description, and 3 = very good description). After a half-hour delay (M = 34.3 min, sd = 7.8), participants took part in a scanned retrieval task. Participants were presented with the 240 titles (120 neutral titles that were studied during the encoding phase and 120 unstudied neutral titles) randomly across 6 retrieval runs of equal length. Participants were given up to 4 s to decide whether the word was "old" (i.e., seen previously) or "new" (i.e., not seen previously). The screen was removed following the participant's button press. Across participants, it was varied which items were studied and which were reserved as foils on the recognition test.
Immediately following an "old" response, 80% of the time, participants were asked to "Elaborate" on the old item (i.e., think about the image presented with the title and the experience with that title and image at encoding) for 5 s. To discourage participants from beginning to elaborate during the search phase, and to distinguish activity during search from activity during elaboration, 20% of trials were catch trials; instead of an elaboration phase, the next trial was presented. Following a "new" response, 80% of the time, participants moved on to the next trial. To minimize the likelihood that participants would automatically begin preparing for the next trial after a "new" response, on 20% of the trials, participants were asked to "Imagine" an image that could have accompanied the new item for 5 s.
Following the elaboration phase, participants were asked to consider how well they were able to remember each item in two separate rating scales, with the order counterbalanced across participants. Participants were given five seconds each for two scales: 1) On a scale of 1-5, how well did they remember the details of the image associated with the cue word or phrase ("External Vividness") and 2) On a scale of 1-5, how well did they remember their own personal thoughts and feelings from encoding the title-picture pair ("Internal Vividness"). Following each trial, participants viewed a fixation cross for 0-6 s to introduce jitter. A visual schematic of this procedure is presented in Fig. 1 .
After being removed from the scanner, participants were re-presented with all studied images. They rated valence and arousal on a 1-7 scale and indicated which specific emotions they experienced with each image. This portion was self-paced and participants were encouraged to respond based on their initial reaction.
Data acquisition
Participants' heads were stabilized in a Siemens Tim Trio 3 T scanner. A localizing scan and auto-align scout were followed by a high resolution multi-echo T1 structural scan for anatomical visualization (176 1 mm slices, TR = 2200 ms, TE1 = 1.64 ms, TE2 = 3.5 ms, TE3 = 5.36 ms, TE4 = 7.22 ms). Six runs of whole brain, gradient-echo, echo planar images (31 3 mm slices aligned along the line between the anterior and posterior commissures, 20% skip, TR = 2 s, TE = 30 ms, Flip angle = 90) were acquired during memory retrieval using interleaved slice acquisition. A diffusion weighted scan was collected but will not be discussed. Response data were collected using a magnet-safe button response box.
Preprocessing and data analysis
Images were preprocessed and analyzed using SPM8 software (Wellcome Department of Cognitive Neurology, London, UK) implemented in MATLAB. Images were co-registered, realigned, normalized (resampled at 3 mm at the segmentation stage and written at 2 mm at the normalization stage) and smoothed using a Gaussian 8 mm kernel. The current analysis examined effects of vividness on recruitment during memory search, modeled as an epoch at stimulus onset, and memory elaboration, modeled as a five-second block beginning at the participant's old/new button response.
The first level fMRI analysis examined the effect of vividness on neural activity during accurate "old" responses to studied items (i.e., "hits"). Neutral, positive, and negative hits were modeled as conditions of interest with internal and external vividness as parametric modulators of interest. Parametric effects on search and elaboration phases were modeled using separate conditions. Incorrect responses and correct "new" responses to positive, negative, and neutral items, although not relevant for the current analysis, were included in each model as separate nuisance variables. Because SPM automatically orthogonalizes parametric regressors in fixed-effects models, two separate models were generated for each subject to capture the independent effects of internal and external vividness on recruitment during retrieval. In other words, two models were generated, one with internal vividness ratings included as a parametric modulator for neutral, negative, and positive items and the other with external vividness ratings. By taking the independent correlates of internal and external vividness rather than the values orthongonalized on one another, this analysis was able to identify both the common effects of internal and external vividness as well as the type-specific effects at the second level (See supplementary materials for analysis conducted using fixed-effects models in which external and internal vividness were orthogonalized).
The individual results from these fixed-effects analyses were used in a full-factorial random-effects model with twelve conditions of interest. These twelve conditions reflected the parametric relation of activity with item-level ratings of: 1) Internal vividness on search for neutral events 2) Internal vividness on search of positive events 3) Internal vividness on search of negative events 4) External vividness on search of neutral events 5) External vividness on search of positive events 6) External vividness on search of negative events 7) Internal vividness on elaboration of neutral events 8) Internal vividness on elaboration of positive events 9) Internal vividness on elaboration of negative events 10) External vividness on elaboration of neutral events 11) External vividness on elaboration of positive events 12) External vividness on elaboration of negative events These conditions were organized into three factors of vividness type (internal v. external), memory phase (search v. elaboration), and valence (positive v. negative). Age was included as a covariate of interest so that the model could identify regions in which age was associated with increased or decreased coupling with vividness ratings. The current analysis examined the relation between age and main effects of increased and decreased vividness (across memory phase and vividness type) as well as interactions with emotional valence, phase, and vividness type. Although the current analysis focused on these valence differences within emotional memory retrieval, comparisons between neutral and emotional event retrieval can be found in Supplementary  Table 2 . Main effects of phase, vividness type, and emotion (controlling for age) can be found in Supplementary Table 3 (see Ford et al., 2014b for reporting of effects of emotion on activity during search and elaboration phases).
The significance threshold for all analyses was set at p < .005 (uncorrected). Monte Carlo simulations (Slotnick et al., 2003) , incorporating the smoothness of the data and run with the normalized voxel size of 2 × 2 × 2, determined that a 29-voxel extent corrected results to p < .05. Therefore, we discuss all clusters that reach this threshold. Clusters reaching significance were overlaid on anatomical images from MRIcron. For all analyses, reported coordinates reflect the peak activity within active regions in MNI space. These coordinates were converted from MNI coordinates to Talairach space, localized using the Talairach Client, and confirmed with the Talairach and Tournoux atlas (Talairach and Tournoux, 1988) . For visualization purposes and to help clarify the directionality of interaction effects, activity within a 10 mm sphere around peak voxels was extracted from regions of interest using the REX toolbox (downloaded from http:// web.mit.edu/swg/software.htm).
Results
Behavioral Results
Vividness ratings were examined using an ANOVA with vividness J.H. Ford, E.A. Kensinger Neuropsychologia 102 (2017) 82-94 type (internal v. external vividness) and valence (negative v. positive) as within-subject factors, and age as a continuous covariate of interest. Ratings for external vividness (M = 3.64, SE = .08) were significantly greater than those for internal vividness (M = 3.21, SE = .09; F(1,57) = 8.08, p = .006, partial η 2 = .12). Positive and negative events did not differ in ratings of vividness, although there was a trend toward higher ratings for positive (M = 3.49, SE = .07) relative to negative events (M = 3.36, SE = .08; F(1,57) = 3.81, p = .06, partial η 2 = .06).
The emotion-by-vividness type interaction was insignificant (p = .28), as was the effect of age (p = .76), the age-by-vividness type interaction (p = .37) and the three-way interaction (p = .33). The age-by-emotion interaction was significant (F(1,57) = 11.71, p < .001, partial η 2 =
.17), with age being associated with greater decreases in vividness ratings for negative relative to positive events (see Table 1 for behavioral results).
Correlations between external and internal vividness ratings, across trials, were calculated for each subject and for neutral, positive, and negative events separately. These correlation values were examined using an ANOVA with valence (negative v. positive) as a within-subject factor and age as a continuous covariate of interest. On average, there was a strong, but not perfect, correlation between external and internal vividness ratings (M corr = .57, SE = .02; F(1,57) = 78.10, p < .000, partial η 2 = .58). This correlation was not related to age (F(1,57) = 1.34, p = .25, partial η 2 = .02) or valence (F(1,57) = 1.34, p = .25, partial η 2 = .02) or the age-by-valence interaction (F(1,57) = .24, p = .63, partial η 2 = .00).
Imaging results
The following contrasts all represent interactions with age. Therefore, for the peak voxels reported in each contrast, the relevant simple effects of age were further interrogated at p < .05 to clarify directionality of the interaction. In cases where no effects were significant at p < .05, the peaks were examined at p < .1. All results are presented in Table 2 and 3. For clusters larger than 500 voxels, two additional sub-peaks are included in the tables in addition to the cluster peak.
Interactions of age with memory phase and vividness type, collapsing across valence
Interaction analyses revealed that the effect of age on coupling between vividness ratings and activity differed as a function of memory phase (i.e., age-by-phase interaction; red regions in Fig. 2a ) and vividness type (i.e., age-by-vividness interaction; blue regions in Fig. 2a) . Assessment of the age-by-phase interaction revealed that age increases in vividness-related recruitment were greater during the search relative to elaboration phase in bilateral lateral temporal lobes (BA20 and BA38), left entorhinal cortex (BA34), and the cerebellum. This interaction was greater during the elaboration relative to the search phase in frontal regions -such as bilateral premotor cortex (BA6), right dorsolateral PFC (dlPFC; BA9), and left anterior cingulate (BA24) -and bilateral inferior and superior parietal lobules (BA40 and BA7). The ageby-vividness interaction revealed that age was associated with a more positive link between activity and external relative to internal vividness ratings in a widespread network including bilateral anterior PFC (aPFC; BA9 and BA 10), lateral temporal lobe (BA20, BA39, BA40, and BA41), precuneus (BA7), lingual gyrus (BA18 and BA19), and posterior cingulate (BA 29 and BA31). This interaction was also apparent in the entorhinal region of the left parahippocampal gyrus (BA28). The reverse interaction (i.e., greater age-related effects for internal relative to external ratings) did not reveal any significant regions.
These interactions were further clarified by age-by-phase-by-vividness type interactions that revealed stronger age-by-vividness interactions during search relative to elaboration (Cyan regions in Fig. 2b) . Specifically, we see these age-by-phase-by-vividness type interactions in a widespread bilateral network including PFC (BA6, BA 10, BA8, and BA 9), lateral temporal lobes (BA20, BA37, and BA22), fusiform gyrus (BA20 and BA37), parahippocampal gyrus (BA28), and putamen. This interaction was largely driven by age-related decreases in the relation between internal vividness ratings and recruitment during memory search. In addition, age-related increases in the relation between external vividness ratings and activity during search were present in a number of regions, such as the aPFC (BA10), lateral PFC (BA10), dorsomedial PFC (dmPFC; BA8), inferior temporal gyrus (BA20), and bilateral parahippocampal gyrus (BA28).
Interactions of age with valence, collapsing across memory phase and vividness type
Age-by-valence interaction analyses identified a number of regions in which age was related to a stronger coupling of vividness with activity for negative relative to positive memories, including premotor cortex (BA6), paracentral lobule (BA4), middle temporal gyrus (BA21), and cerebellum. Within the prefrontal cortex, age was related to a stronger coupling of vividness with activity for negative relative to positive events in ventral PFC regions only, including the subcallosal gyrus (BA25) and left ventromedial PFC (vmPFC; BA11). In all of these regions, age was associated with a decreased relation between vividness ratings and recruitment during positive event retrieval. In a subset of these regions -specifically, the left subcallosal gyrus (BA25), left vmPFC (BA11), and right paracentral lobule (BA4) -age was also associated with an increased relation between vividness ratings and recruitment during negative event retrieval. Parameter estimates of activity extracted from a 10 mm sphere around the peak voxel of the vmPFC cluster (−6, 32, −18; Fig. 3 ) revealed that vividness ratings were associated with activity for both positive (signal change: M = .19, SE = .09) and negative (signal change: M = .16, SE = .04) events in the youngest individuals in our sample (ages 19-25), but only for negative events in the oldest individuals in our sample (ages 70-85) . In this oldest sample, activity was greater for negative (signal change: M = .38, SE = .17) relative to positive events (signal change: M = −.01, SE = .15; t(11) = 2.22, p = .05).
Interactions of age with valence and memory phase, collapsing across vividness type
Age-by-valence interactions were further clarified by interactions with memory phase and vividness type (Fig. 4a) . Age-by-valence-byphase interactions, largely driven by age-related decreases in the relation between vividness ratings and recruitment during search for positive events, were present in precentral gyrus (BA6), premotor cortex (BA6), superior temporal gyrus (BA38), middle occipital gyrus (BA37), anterior cingulate (BA33), caudate, putamen, claustrum, insula, thalamus, and into the cerebellum.
Interactions of age with valence and vividness type, collapsing across memory phase
Age-by-valence-by-vividness type interactions (Fig. 4a , blue regions) were seen in more dorsal regions of the prefrontal cortex than were seen in the age-by-valence interactions, including aPFC (BA10) and dlPFC (BA8 and BA6). In addition, this interaction was seen in precentral gyrus (BA4), middle temporal gyrus (BA20), precuneus (BA7), postcentral gyrus (BA7 and BA2), putamen, and caudate. In a subset of these regions -aPFC (BA10), postcentral gyrus (BA4), and the caudate -this interaction was driven by age-related increases in the relation between external vividness ratings and activity during retrieval of positive events and the relation between internal vividness and activity during retrieval of negative events. In another subset -dlPFC (BA8 and BA6) and middle temporal gyrus -age was associated with a decreased relation between external vividness ratings and activity during negative event retrieval. Finally, age was associated with a decreased relation between internal vividness ratings and activity during positive event retrieval in dlPFC (BA8), precentral gyrus (BA4), precuneus (BA7), postcentral gyrus (BA7 and BA2), and putamen. Notably, one cluster exhibiting an age-by-valence-by-vividness type interaction (peak: −24, 56, 14) overlapped with a dorsomedial prefrontal cluster exhibiting age-related decreases in hippocampal connectivity during negative relative to positive event retrieval in a previous analysis (Ford et al., 2014a) . Although this prior analysis did not incorporate memory vividness, we proposed that this negative connectivity during negative event may reflect a mechanism by which older adults decrease negative event richness during retrieval by downgrading hippocampal activity. Therefore, we were particularly interested in determining whether recruitment of this region in older adults was associated with decreased negative event vividness. The cluster identified in the current study was extremely large (1379 voxels) and, as such, the peak voxels did not fall within the overlap with this prior cluster. In order to interrogate the directionality of the interaction within the region of overlap, we identified the peak voxel in a cluster identified in a conjunction analysis of each analysis (i.e., the current age-by-valence-by-vividness type interaction and the age-by-valence interaction in Ford et al. (2014a) ) at p < .005 and included that voxel as a sub-peak in Table 3 . As predicted from our prior connectivity analysis, the age-by-valence-by-vividness type interaction at this peak was driven by an age-related increase in the relation between recruitment and external vividness ratings for positive events and, critically, an age-related decrease in the relation between recruitment and external vividness ratings for negative events.
Interactions of age with valence, vividness type, and memory phase
Finally, an age-by-valence-by-phase-by-vividness type analysis revealed that age-by-valence-by-vividness type interactions were stronger during search relative to elaboration (Fig. 4b) . Regions exhibiting this interaction include dmPFC (BA8), precentral gyrus (BA6), dlPFC (BA8), middle temporal gyrus (BA39), precuneus (BA7), postcentral gyrus (BA2), inferior parietal lobule (BA40), the caudate, and the thalamus. Although these regions all exhibited the same interaction, the patterns of activation differed across clusters. For example, in the middle temporal gyrus, the interaction was driven by an age-related increase in the relation between internal vividness ratings and activity during elaboration of positive events, an age-related decrease in the relation between external vividness ratings and activity during search of negative events, and an age-related decrease in the relation between internal vividness ratings and activity during search of positive and negative events. On the other hand, in the dlPFC cortex, the interaction was driven by age-related increases in the relation between activity during elaboration of positive events and both internal and external vividness ratings, with a stronger effect for internal vividness ratings.
Due to the size of the dmPFC cluster (777 voxels), the pattern differed across the peak voxels. The interaction in the aPFC was driven by age-related increases in the relation between external vividness ratings and activity during search for positive events, as well as age-related decreases in the relation between i) external vividness ratings and activity during search for negative events and ii) internal vividness ratings and activity during search for positive events. The age-related decreases were driven by a disappearance of the relation in older adults where there was a strong positive relation in young.
A sub-peak of this cluster, identified through a conjunction analysis with a prior analysis conducted with this dataset showing age-related decreases in hippocampal connectivity during negative relative to positive event retrieval (Ford et al., 2014a) , was driven by an age-related increase in the relation between external vividness ratings and activity during search for positive events and, critically, an age-related decrease in the relation between external vividness ratings and activity during search for negative events. Parameter estimates extracted from this peak voxel revealed that this age-related decrease reflected a shift from a positive relation in the youngest adults in our sample (ages 18-25) to a negative relation in the oldest adults in our sample (ages 70-85; Fig. 5 ). In fact, the relation between external vividness ratings and recruitment during search for negative events was significantly more negative than zero in this older adult sample (t(11) = 2.97, p = .01). A follow-up analysis of all regions exhibiting this age-by-valence-byphase-by vividness type interaction revealed that this dorsomedial cluster was the only one that was driven by a significant negative relation in the oldest adults in our sample.
Discussion
Aging has been associated with increases in retrieval of positive relative to negative information, leading to a behavioral positivity effect (see Reed et al., 2014) . In addition, recent neuroimaging studies have revealed age-by-valence interactions, where aging is associated with increased PFC recruitment during negative relative to positive event retrieval (Ford et al., 2014a) and where this increased recruitment is associated with greater decreases in hippocampal recruitment (Ford et al., 2014a; Ford and Kensinger, 2014) . Although this Simple effects interrogated at p < .05: * = Effect of age (i.e., Older > Young adults), # = Reverse effect of age (i.e., Young > Older adults). Peaks in which no simple effects were significant at p < .05 were interrogated at p < .1: T = Effect of age (i.e., Older > Young adults),^= Reverse effect of age (i.e., Young > Older adults). For clusters with greater than 500 voxels, two additional sub-peaks are included and examined. interaction has been described as potentially reflecting a prefrontallymediated affective mechanism engaged by older adults to decrease the richness of negative events, the explicit relation between PFC recruitment and the phenomenology of negative events has not previously been examined. The current study was the first to directly link these two measures together by examining age-by-valence interactions in the relation between PFC recruitment and subjective ratings of memory vividness. This analysis confirmed a critical role of PFC regions in these age-by-valence interactions, where age reversed the relation between PFC recruitment and the subjective richness of the retrieved memory representation.
4.1. Age-related increases in the relation between vividness ratings and mPFC recruitment during negative relative to positive event retrieval
Age was associated with greater increases in the relation between vividness ratings and recruitment of the vmPFC during negative event retrieval relative to positive, with this interaction being driven by both an age-related increase in this relation for negative events as well as an age-related decrease in this relation for positive. Follow-up analyses revealed that young adults recruited this region during retrieval of events that were later judged as more vivid, regardless of event valence. The exaggeration of this effect for negative events in older adults, as well as the disappearance of the effect for positive, suggests that older adults are utilizing this region in a much more valence-specific way than younger adults, perhaps to enhance the overall vividness of negative events. Such a finding may be consistent with one of our competing hypotheses: that older adults over-recruit PFC regions during the retrieval of negative events in an effort to enhance vivid retrieval of poorly encoded events. In other words, older adults, if they more poorly encoded negative events than positive events initially, may require additional effort to retrieve details for these events. In support of this suggestion, prior work has linked a more subgenual region of the vmPFC to age-by-valence interactions in depth of encoding, suggesting a deeper encoding of positive than negative information in older adults (Leclerc and Kensinger, 2008) . This pattern did not differ as a function of vividness type, with ageby-valence interactions in the relation between recruitment and ratings of both external and internal vividness. If this interaction reflects an age-related reliance on prefrontal regions to enhance detail retrieval, this suggests that older adults are utilizing this vmPFC region to support retrieval of both internal and external details. However, similar age-byvalence interactions emerged for internal vividness ratings only in a slightly more dorsal region of the anterior medial PFC. The fact that age is more tightly coupled with increased internal vividness is consistent with behavioral evidence suggesting that older adults may be more likely to recall internal relative to external details (see Kensinger, 2008) . Future work is needed to understand this interaction and to determine whether the same mechanism is responsible for the age-byvalence interaction in these two mPFC regions.
4.2. Age-related increases in the relation between vividness ratings and recruitment during positive relative to negative event retrieval
While vmPFC regions were characterized by greater age-related increases in the relation between vividness ratings and neural recruitment during negative relative to positive event retrieval, dorsal prefrontal regions were characterized by greater age-related increases in the relation between vividness ratings and neural recruitment during positive relative to negative event retrieval. Two patterns were identified to contribute to this interaction: a) the emergence of a significant Simple effects interrogated at p < .05: * = Effect of age (i.e., Older > Young adults), # = Reverse effect of age (i.e., Young > Older adults). Peaks in which no simple effects were significant at p < .05 were interrogated at p < .1: T = Effect of age (i.e., Older > Young adults),^= Reverse effect of age (i.e., Young > Older adults). For clusters with greater than 500 voxels, two additional sub-peaks are included and examined. Peaks in bold were identified using a conjunction analysis with a previously reported analysis (Ford et al., 2014a) . Fig. 2 . a) Regions in which the relation between neural recruitment and vividness ratings exhibited a significant age-by-memory phase interaction (red) or age-by-vividness type interaction (blue). b) Regions in which the relation between neural recruitment and vividness ratings exhibited a significant age-by-memory phase interaction (red), age-byvividness type interaction (blue), or age-by-memory phase-by-vividness type interaction (cyan).
relation between vividness and recruitment for positive events in older adults where none exists in young adults, and b) the complete age-related reversal for negative events, where young adults exhibit a positive relation between vividness and recruitment and older adults exhibit a negative relation. In other words, older adults were more likely to recruit dorsal PFC regions during retrieval of negative events that they later rated as less vivid and positive events that they later rated as more vivid.
One dmPFC cluster exhibiting this interaction overlapped with a cluster -identified in a prior analysis with the same dataset -where age was associated with significant decreases in functional connectivity with the left hippocampus. Specifically, this prior connectivity result (Ford et al., 2014a) overlaps with regions related to decreased external vividness in older adults. The overlap in these two analyses means that older adults are recruiting this dmPFC region both on trials associated with reduced hippocampal activity and on trials associated with Fig. 3 . Ventromedial prefrontal cortex region in which the relation between neural recruitment and vividness ratings exhibited a significant age-by-valence interaction. In this region, age was associated with an increased relation between recruitment and vividness for negative events and a decreased relation between recruitment and vividness for positive events. Parameter estimates of this relation were extracted from a 10 mm sphere around the peak voxel in this region and revealed that this interaction led to a significantly greater relation for negative relative to positive events (t(11) = 2.22, p = .05) in the oldest adults in the sample (n = 12, ages 70-85). Fig. 4 . a) Regions in which the relation between neural recruitment and vividness ratings exhibited a significant age-by-valence-by-memory phase interaction (red) or age-by-valence-by-vividness type interaction (blue). b) Regions in which the relation between neural recruitment and vividness ratings exhibited a significant age-by-valence-by-memory phase interaction (red), age-by-valence-by-vividness type interaction (blue), or age-by-valence-bymemory phase-by-vividness type interaction (cyan).
decreased ratings of external vividness. Critically, these trial-by-trial changes may ultimately contribute to overall decreases in negative relative to positive event vividness in older adults. Further, the interaction with vividness type -driven by the selective effect in external vividness ratings -suggests that older adults are recruiting the dmPFC to reduce the impact of negative details associated with the image itself, rather than their memory for their personal reaction at encoding.
Overall, these findings are highly consistent with studies that reveal age-related enhancements in emotion regulation (e.g., BlanchardFields, 2007) , and suggest that older adults may be engaging in these processes during retrieval of negative events. In other words, an increased motivation to regulate emotions in the oldest-old in our sample (see Mather and Carstensen, 2005) may lead older adults to preferentially recruit PFC regions in an effort to decrease the emotional impact of negative images. In support of this argument, the dmPFC has been implicated in both automatic and voluntary emotion regulation (See Phillips et al., 2008 for a review) and may be particularly involved in generating an emotional response when one anticipates an emotional event, as might be the case when trying to remember the details of a negative image associated with a neutral cue (Ochsner and Gross, 2007) . Although a regulatory account is likely, the current study is unable to test this question directly. Future work is needed to examine the effect of emotion regulation on these age-by-valence interactions by determining a potential mediating role of motivation and ability to regulate negative emotions.
Notably, the age-related effects reported here were often stronger during the search phase of retrieval relative to the elaboration phase, suggesting a preferential impact of age-related changes during this phase. This pattern is consistent with recent findings demonstrating that age-related increases in prefrontal recruitment are greater during search relative to elaboration (Ford and Kensinger, in press ).
Limitations and future directions
The current analysis examines the relation between neural recruitment and two measures of subjective vividness (i.e., internal and external). As research has demonstrated significant distinctions between the neural networks supporting subjective and objective vividness (Spaniol et al., 2009 ; see also Richter et al., 2016) , the differences findings identified in the current study may not generalize to objective measures. Although it is plausible that participants' vividness ratings are correlated with the amount of associative detail retrieved, it is equally possible that subjective and objective measures diverge. For instance, a person may feel that a memory is vivid even if they remember only a small subset of associative details. Importantly, low vividness in one measure in the current study (e.g., internal vividness) did not necessarily correspond to low vividness in the other (e.g., external vividness), with only 4% of all items receiving a vividness rating of "1" for both scales. In other words, low vividness ratings did not always reflect an overall memory failure as might be captured in objective memory tests. Future work is needed to confirm whether the patterns and relations reported here extend to one's objectively-measured ability to recollect personal and event details.
In addition, as with all studies examining healthy aging, it is important to consider potential selection biases in our sample. The older adults in our sample were highly educated individuals who have been Regions exhibiting an age-by-valence-by-memory phase-by-vividness type interaction in the relation between recruitment and vividness ratings (cyan). The dorsomedial prefrontal cluster exhibiting this interaction overlapped with a dorsomedial prefrontal cluster identified in a prior analysis in which age was associated with significant decreases in hippocampal connectivity (orange regions = p < .05, red regions = p < .005; Ford et al., 2014a) . To depict the relation, parameter estimates were extracted from the peak voxel from the conjunction of these two analyses. At this peak coordinate, age was associated with an increased relation between recruitment and vividness for positive events and a decreased relation between recruitment and vividness for negative events. The age-related decrease in the relation for negative events reflected a complete age reversal, where increased recruitment was associated with higher vividness ratings for negative events in the youngest adults in the sample (n = 12, ages 19-25) and with lower vividness ratings for negative events in the oldest adults in the sample (n = 12, ages 70-85).
screened for potential health problems and dementia. In addition, they are older adults who are interested in research and motivated to come to the MR scanner for a 3-h study session. In the current study, we must also consider the generalizability of the middle-aged adults, as it is often difficult for individuals in this age range to take the time to come into labs for study sessions. As such, it is possible that these findings do not generalize to all middle-aged and older adults, but rather reflect a particular subsample.
As mentioned above, the results of the current study suggest a potential regulatory mechanism supporting age-related changes in the relation between prefrontal recruitment and subjective memory vividness, but future work is needed to examine the effect of emotion regulation on these age-by-valence interactions. Such studies would focus on the mediating role of motivation (measured subjectively) and ability (measured objectively and subjectively) to regulate negative emotions on the effects identified in the current study. In addition, it is unclear from the current data whether similar dmPFC parametric modulation and hippocampal connectivity would be expected in an intentional memory suppression paradigm or if these patterns specifically reflect automatic regulation in memory retrieval.
Summary
The current study was the first to tie age-by-valence interactions in behavior to those in neural recruitment at a trial-by-trial (rather than between-subjects) level. Different patterns emerged in ventral and dorsal PFC regions. In ventral PFC regions, age was associated with an increased relation between recruitment and vividness ratings for negative events, a pattern consistent with an age-related increase in effort during negative event retrieval, perhaps due to reduced encoding of negative information. In dorsal regions, age was associated with a decreased relation between recruitment and vividness for negative events. Notably, these decreases overlap with a prior analysis with the same dataset showing age-related decreases in hippocampal connectivity. These findings are inconsistent with a retrieval-effort interpretation and instead suggest a controlled, prefrontally-mediated mechanism engaged by older adults during memory retrieval that reduces or dampens down the richness of negative events. While prior research has suggested that age-related shifts in emotional memory are related to downregulation of negative relative to positive events at their time of their occurrence (see Mather, 2012) , these results raise the possibility that this dampening may also occur at the time of retrieval. Further, the tendency for older adults to engage this mechanism following presentation of a neutral retrieval cue -rather than an emotional cue -suggests that it is not the reprocessing of emotional content that drives this process, but rather internally-generated memories of negative events.
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